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Reduced activity of antioxidant enzymes underlies contrast
media-induced renal injury in volume depletion
TOSHIMASA Y0sHI0KA, AGNES FoGo, and JEFFREY K. BECKMAN
Department of Pediatrics, Vanderbilt University School of Medicine, Nashville, Tennessee, USA
Reduced activity of renal antioxidant enzymes underlies contrast me-
dia-induced renal injury in volume depletion. Oxidant-mediated renal
injury has been suggested as an important mechanism of acute renal
failure induced by contrast media. Since volume depletion has been
recognized as a predisposing factor for contrast media nephropathy, the
present study was designed to characterize host-defense mechanisms
against oxidant-mediated renal injury during volume depletion. Antiox-
idant enzyme activities in renal cortex were compared between acutely
water deprived (WD, 72 hours) and non-WD rats. WD rats had reduced
activities of catalase and superoxide dismutase activities (on average,
48% and 60% of values in non-WD, respectively). In separate groups of
WD rats, saline or one of three different contrast media, namely
diatrizoate meglumine/diatrizoate sodium (DTZ), ioxaglate meglumine/
ioxaglate sodium (IXG), and iohexol (IHX) was injected. Both GFR and
renal plasma flow rate, measured 24 hours later, was some 50% less in
DTZ-injected than saline-injected WD rats. WD rats treated with IXG
and IHX had similar GFR to saline-treated rats. In DTZ-treated WD
rats, specific products of membrane lipid peroxidation, phosphatidyl-
choline and phosphatidylethanolamine hydroperoxide, determined by
chemiluminescent HPLC, were more than two-fold higher than saline,
IXG, or IHX-treated WD rats. DTZ did not induce renal dysfunction
and enhance lipid peroxidation in non-WD rats. Therefore, DTZ
appeared to induce oxidant-mediated injury only in WD rats. When WD
rats were pretreated with polyethylene glycol-coupled catalase (1.4 mg
x 2 days), renal cortical catalase activity remained at a level similar to
that of non-WD rats. Catalase-treated WD rats did not experience renal
dysfunction and enhanced lipid peroxidation by DTZ, while heat-
inactivated catalase or low dose catalase (0.14 mg x 2 days) failed to
prevent DTZ-induced renal dysfunction. Thus, in volume depletion, in
which local antioxidant levels are depressed, DTZ induced oxidant-
mediated prolonged renal dysfunction and lipid peroxidation.
Clinically, renal dysfunction induced by contrast media is one
of the leading causes of acute renal failure [1, 2]. The incidence
of contrast nephropathy is higher in patients with underlying
pathophysiological conditions such as diabetes and hyperten-
sion, especially in the presence of volume depletion [1, 2].
Adequate hydration has been shown to reduce the risk of
contrast nephropathy [3—5]. These observations implicate that
there is an enhanced renal susceptibility to contrast media in
water deprived conditions.
The exact mechanisms of contrast nephropathy, and the
protective mechanisms of hydration have not been fully under-
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stood. Renal ischemia, resulting from hemodynamic changes,
as well as direct cellular toxicity of the iodinated molecule have
been postulated to mediate contrast-associated renal injury [1,
2, 5—7]. On the other hand, recent animal studies imply that
reactive oxygen species are involved in the pathophysiology of
renal dysfunction following contrast media administration [8,
9]. These highly reactive metabolites of oxygen have been
suggested to alter renal hemodynamics and/or induce renal
parenchymal damage [10, 11]. The fact that dehydration predis-
poses kidney to contrast media-induced dysfunction may sug-
gest that renal susceptibility to reactive oxygen species is
altered in water deprivation. In this regard, our recent study has
demonstrated that renal antioxidant enzyme levels play an
important role in defense against renal oxidant injuries [121.
Therefore, we wished to examine the status of renal antioxidant
enzyme levels in water deprivation.
In the present studies, we first evaluated renal cortical
antioxidant enzyme (AOE) levels in water deprived rats. Then,
renal toxic effect of three different contrast media was exam-
ined, because several forms of contrast media clinically used
have been suggested to have different nephrotoxicity [1, 2, 7,
131. Each rat underwent an evaluation of oxidant injury by
assessment of lipid peroxidation, as well as by measurement of
renal function, Since previous studies demonstrated that the
conventional method to detect lipid peroxidation product by
thiobarbituric acid reactivity may not be sensitive or specific,
we employed an ultrasensitive method to detect primary prod-
ucts of membrane lipid peroxidation (that is, phospholipid
hydroperoxides) [14, 151. To further investigate the importance
of the AOE levels in contrast media-induced renal injury in
volume depletion, we then studied the effect of exogenously
administered antioxidant enzyme, namely catalase, on degree
of renal injury induced by contrast media.
Methods
Experimental protocols
Male Munich-Wistar rats were studied in accord with the
protocols described below.
The first protocol compared renal cortical AOE activities in
water deprived (WD) and non-deprived control (non-WD) rats.
Thus, six rats were deprived of water for 72 hours (with free
access to food), anesthetized with pentobarbital (Nembutal, 50
mg/kg), and renal cortex was obtained following renal perfusion
with iced 0.9% NaCI. Renal cortex from six non-WD rats was
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isolated in an identical manner. Obtained cortex was immedi-
ately homogenized with a Brinckmann PT1O/35 homogenizer
(Westbury, New York, USA) for 30 seconds and sonicated for
20 seconds in a cold environment (4°C). Samples were then
centrifuged at 800 g for 15 minutes and supernatants were
stored at —70°C until assayed for superoxide dismutase (SOD),
catalase and glutathione peroxidase (GSH-Px) activities.
The second protocol studied renal susceptibility to contrast
media in WD rats. Three different contrast media, commonly
used in clinical practice and differing in their ionicity and
osmolality were tested for their ability to induce renal dysfunc-
tion and/or lipid peroxidation. They were: diatrizoate meglu-
mine/diatrizoate sodium [DTZ; ionic, high osmolar (1,511
mmoLlkg); Renografin®-76, a gift from Squibb, New Brunswick,
New Jersey, USA], ioxaglate meglumine/ioxaglate sodium so-
lution [IXG; ionic, low osmolar (600 mmol/kg); Hexabrix®,
Mallinkrodt, St. Louis, Missouri, USA], and iohexol fIHX;
non-ionic, low osmolar (690 mmol/kg); Omnipaque®, Winthrop,
New York, New York, USA]. A total of 30 rats were water
deprived for 72 hours and either DTZ (10 ml/kg, N = 10), IXG
(11.6 ml/kg, N = 6), IHX (10.6 mI/kg, N =6), or 0.9% NaCl (10
mi/kg, N = 8) was injected into tail vein. Such doses have been
shown to induce renal injury in animal models [9], and the dose
of each contrast media was calculated to contain an identical
iodine load (3,700 mg/kg). After contrast media/vehicle injec-
tion, the rats were allowed free access to water and food and 24
hours later, inulin and para-amino hippurate (PAH) clearances
were measured. The renal cortex was harvested for determina-
tion of lipid peroxidation products, including phosphatidyleth-
anolamine (PE-OOH), phosphatidylcholine hydroperoxide (PC-
OOH), and thiobarbituric acid (TBA) reactivity.
Since the above protocols showed that renal antioxidant
enzyme activities are reduced in WD rats and only DTZ induces
hypofiltration and enhanced renal cortical lipid peroxidation in
WD rats, the following experiments focused on DTZ-induced
renal injury. The next protocol compared time course of GFR in
DTZ-treated and saline-treated WD rats, as well as that in
DTZ-treated non-WD rats with unsuppressed antioxidant en-
zyme levels. In this protocol, WD (N = 6) and non-WD (N = 6)
rats underwent inulin clearance measurement, an index of
GFR, immediately prior to DTZ/saline injection. Separate
groups of 16 WD and 12 non-WD rats were injected with DTZ
(10 mi/kg) and GFR was measured 24 or 72 hours later. Another
group of 14 WD rats was injected with saline and GFR was
measured 24 and 72 hours later. (Among these animals, some
were shared with those used in the previous protocol.) In
addition, in order to assess external water balance during water
deprivation and DTZ/saline injection, 12 rats were housed
individually in metabolic cages, and body weight, urine volume,
and water intake during water deprivation (72 hours) and
subsequent rehydration (24 hours) after DTZ (N = 6) or saline(N = 6) injection was monitored. In these rats, kidneys were
harvested at the end of experiments for morphological studies.
To further investigate whether reduced antioxidant enzyme
levels alter renal susceptibility to DTZ in WD, the effect of an
exogenous antioxidant was tested. In this protocol, polyethyl-
ene glycol coupled (PEG)-catalase (Sigma, St. Louis, Missouri,
USA, 1.40 mg i.p. at 48 hours of water deprivation, and i.v. at
the end of 72 hr water deprivation) was administered in 34 WD
rats. Ten of these rats underwent determination of GFR, renal
cortical AOE activities and levels of lipid peroxidation products
at the end of water deprivation. Thirteen rats underwent
intravenous DTZ (10 ml/kg); and renal function, cortical AOE
activity, and levels of lipid peroxidation products were deter-
mined 24 hours later (N = 8); five rats underwent measurements
of renal function 72 hours later. An evaluation of the enzymatic
action of PEG-catalase to prevent DTZ-induced renal dysfunc-
tion was further tested by two protocols. In one group of WD
rats (N = 5), rats were administered heat-inactivated PEG-
catalase. Thus, PEG-catalase was inactivated by autoclaving
(120°C, 15 mm, liquid cycle) as previously described [12].
Following determination of catalase activity, the heat-inacti-
vated PEG-catalase was injected, and renal function 24 hours
after DTZ (10 mI/kg) injection was determined as described
above. In a separate group of 11 WD rats, low dose of
PEG-catalase (0.14 mg) was given in an identical manner as
described above. Six of these rats underwent determination of
GFR and renal cortical AOE activities. Five rats underwent
intravenous DTZ (10 mI/kg) and renal function was determined
24 hours later.
Measurement ofAOE activities
The measurements of renal cortical SOD, catalase, and
GSH-Px were performed as we previously described [121.
Briefly, SOD activities were assayed based on the cytochrome
c autoxidation method by McCord and Fridovich [16, 17]: In a
1.6 ml cuvette (with a 10mm light path), 1.0 ml of air-saturated
50mM potassium phosphate buffer, 0.1 mM EDTA, pH 7.8 was
equilibrated at 25°C with the sample (20 xl). The reaction
mixture containing 10 M ferricytochrome c (Sigma), 50 xM
xanthine (Sigma), 6 xM xanthine oxidase (Sigma), and 10 1LtM
potassium cyanide was measured for the reduction of cy-
tochrome c at 550 nm using a Hitachi U-600 spectrophotometer
(Tokyo, Japan). Low concentration of potassium cyanide (10
MM), which has been shown not to inhibit SOD activities, was
added to avoid possible interference by cytochrome oxidase
[17]. The amount of SOD required to inhibit the rate of
reduction of cytochrome c by 50% was defined as 1 unit of
activity.
Catalase activity was measured using the method of Aebi
[18]. Thus, in a 1.6 ml quartz cuvette, 25 pA of sample was added
to 725 pA of a mixture containing 7.7 mrs H202 in 10 mM
phosphate buffer, pH 7.0. Change in absorbance at 240 nm was
measured. The rate constant of a first order reaction (k) was
used as a unit.
GSH-Px activity was measured by the method of Beutler et al
[19], which uses an oxidation reaction of reduced glutathione by
glutathione peroxidase coupled to the disappearance of
NADPH by glutathione reductase using tert-butyl hydroperox-
ide as a substrate. The assay mixture contains 730 pA of 0.1 M
Tris-HCI, 0.5 mri EDTA buffer, pH 7.6, 100 pA sample suspen-
sion, 20 pA of 2 mi'vr glutathione, 50 pA of 0.2 ms't NADPH
(Sigma) and 1 U of yeast glutathione reductase (Sigma). After
preincubation of the mixture for 15 minutes at room tempera-
ture, the reaction was started by adding 0.35 mrs tert-butyl
hydroperoxide (Sigma) and was followed at 340 nm for five
minutes. The activity was calculated using the extinction coef-
ficient of NADPH at 340 nm, 6.22 mMcm'.
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Measurements of renal function
Inulin clearance (C1) and PAH clearance (CPAH) were per-
formed as follows. Rats were anesthetized with mactin (100
mg/kg body wt, i.p., Byk, Germany) and surgically prepared
using routine procedure [11, 121. Following tracheotomy, in-
dwelling polyethylene catheters (PE-50, Clay Adams, Parsip-
pany, New Jersey, USA) were placed into a jugular vein for a
subsequent infusion of plasma, inulin, and PAH, The left
femoral artery was catheterized for monitoring mean arterial
pressure (MAP) and for periodic blood collections. MAP was
measured by an electronic transducer (Model p23Db; Gould
Inc., Cleveland, Ohio, USA) connected to a recorder (Model
2200S; Gould Inc.). Laparotomy was then performed. The left
ureter was catheterized with a polyethylene tube (PE-lO) for
subsequent urine collections. To maintain the circulating
plasma volume at euvolemic level during the experiment, each
rat received isooncotic rat plasma in a volume of 10 mI/kg
intravenously over the initial 30 minutes followed by a contin-
uous infusion at the rate of 1.2 mI/kg/hr [201. For the estimation
of glomerular filtration rate (GFR) and renal plasma flow rate
(RPF), a 0.9% NaCI solution containing 10% inulin and 1%
PAH was infused with a priming dose of 0.4 ml, followed by a
constant infusion at a rate of 1.2 mI/hr throughout the experi-
ment.
Following an equilibration period (30 mm), urine was col-
lected from the ureter for determination of urine flow rate, and
inulin and PAH concentration. Arterial blood was collected into
capillary tubes (100 p1) for determinations of hematocrit at the
midpoint of urine collection. Two timed consecutive urine
collections of 10 minutes duration each were obtained.
Concentrations of inulin and PAH in plasma and urine were
assayed by the macroanthrone method [21], and the method of
Smith et al., respectively [221.
Measurements of lipid peroxidation products
Renal cortical level of PE- and PC-OOH, as well as TBA
reactivity, were performed as recently described by us [15].
Renal cortex was quickly frozen in liquid nitrogen and a section
of weighed cortical tissue of 500 to 700 mg wet weight was
homogenized directly into 20 ml of chloroform/methanol (2:1
voL/vol) containing 0.002% butylated hydroxytoluene antioxi-
dant using a Potter-Elvehjem tissue grinder. The organic ho-
mogenate was allowed to further extract at room temperature
for 45 minutes and then either filtered immediately or briefly
placed on ice until filtration became feasible. The residual tissue
was scraped off the filter paper and washed by re-suspension in
10 ml of chloroform/methanol using the tissue grinder. The
combined filtrates were partitioned against 0.2 volumes of 0.1 M
KC1, containing the iron chelator deferoxamine (10 g/ml,
Ciba-Geigy, Basel, Switzerland). The organic phase was evap-
orated to dryness and re-dissolved in 500 1.d of chloroform.
Lipid extracts were applied to 3 ml silica solid phase extraction
columns, pre-equilibrated with chloroform. The columns were
serially eluted under vacuum with 12 ml of chloroform, then 12
ml of methanol. The fractions were stored in a large volume of
solvent under nitrogen unless analyzed immediately. Prior to
HPLC analysis, samples were evaporated to near dryness and
re-suspended in 0.1 ml of chloroform/methanol (1:1 vol/vol).
Concentration of PE- and PC-OOH was determined by
HPLC with a chemiluminescent detector, using a procedure
similar to that of Miyazawa et al [14], modified as recently
described [15]. Briefly, a McPherson FL/BX fluorescent HPLC
detector was used to measure chemiluminescence (excitation
lamp off) generated in a post-column reaction of individual
hydroperoxide classes with cytochrome c (10 g/ml, Type VI,
horse heart, Sigma) in 50 m borate buffer, pH 10, and luminol
(1 tg/ml, Sigma). The HPLC column (Alitech Associates, 5
micron adsorbosphere amino phase) was eluted at 1 mI/mm with
methanoll40 mM sodium phosphate monobasic 95:5 and the
eluent was mixed with post-column reagents in a mixing tee
(Pickering Laboratories Inc., Mountainview, California, USA).
A heated reaction coil was placed between the tee and the
detector. The specificity of this system was verified by sodium
borohydride reduction (which eliminated the response to both
standards and samples) and by testing fresh unoxidized phos-
pholipid. The system was caliburated with PE- and PC-OOH
standards prepared from the unoxidized phospholipids using
Soybean lipoxidase-I (Sigma), as described by Eskola and
Laakso [23].
For determination of renal cortical TBA-reactivity, a weighed
section of cortical tissue of 30 to 70 mg was homogenized in 0.5
ml of 0,15 M KC1, 40 mr'vi Tris buffer, pH 7.4, reacted with
2-thiobarbituric acid, and measured spectrophotometrically at
532 nm following extraction into butanol [24].
Morphological examination
In some rats (N = 5 and 5 from WD rats treated with DTZ and
saline, respectively), kidneys were harvested for light micro-
scopic examination. They were fixed in 10% neutral buffered
formalin, routinely processed and 3 sections were stained
with periodic acid Schiff and examined in a blinded fashion.
Changes found in acute renal failure were scored semiquantita-
tively as previously described [12, 25]. A minimum of 100
cortical tubular profiles from at least 10 different regions of
kidney were assessed with a 40x objective and scored for each
specimen on a 0 to 10 scale, avoiding duplicate scoring of
different sections of the same tubular profile. The absence
(score of 0) or presence of tubular cytoplasmic vacuolization
(score of 1), cell membrane blebbing (1 or 2), tubular epithelial
cell flattening (1), brush border loss (1), interstitial edema (1),
cell necrosis (1 or 2), and tubular lumen obstruction (1 or 2) was
evaluated and an average score per 100 tubular profiles derived.
PMNs were identified morphologically by their characteristic
nuclear configuration and PAS positivity. In the same high
power fields (hpt) evaluated above for tubular damage, intersti-
tial PMN infiltration was assessed and expressed as PMNs/hpf.
Glomerular PMN infiltration was assessed by examining a
minimum of 50 consecutive glomeruli for the presence of
PMNs. Results were expressed as PMNs/glomerulus.
Statistics
All values are expressed as the mean SE. For comparisons
among groups, one way analysis of variance (ANOVA) was
performed [26, 27]. When a significant difference was demon-
strated by f distribution, critical value for the t-statistics was
obtained by Bonferroni's correction. The data from two groups
were compared by unpaired t-test. When comparing tubular
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Fig. 1. Comparison of renal cortical
superoxide dismutase (SOD), catalase, and
glutathione peroxidase (GSH-Px) activities
between water deprived (WD, N = 6) and
non-water-deprived (non-WD, N = 6) rats. In
WD rats, renal cortex was isolated following
72 hours of water deprivation. Both SOD and
catalase activities were significantly (P <
0.01) reduced in WD compared to non-WD
rats, while differences in GSH-Px did not
reach statistical significance. Values are mean
SE.
was considered to be statistically significant, unless otherwise
stated.
Results
Renal cortical AOE activities in WD rats
Renal cortical activities of SOD, catalase and GSH-Px were
determined in WD (N = 6) and non-WD rats (N = 6). After 72
hours of water deprivation, the rats lost an average 19.4 0.7%
of body weight, and their hematocrit averaged 54.5 0.9%
compared to 45.1 0.5% in control rats. As shown in Figure 1,
there was a marked reduction in activities of SOD and catalase
in WD rats. GSH-Px activity did not differ (P > 0.1) between
the two groups. Thus, in WD rats, levels of SOD, catalase and
GSH-Px, respectively, were 118 10 p1mg prot, 4.92 0.44
k/mg prot and 1119 102 p1mg prot, whereas those values in
non-WD rats were 178 8 ri/mg prot, 10.27 0.81 k/mg prot,
and 1333 121 p1mg prot, respectively. (In the pilot studies
water deprivation between 24 and 48 hours demonstrated only
variable changes in the enzyme activities.)
Renal susceptibility to various contrast medias in WD rats
A previous study in dogs suggested that DTZ injected into
normally hydrated dogs induces a brief renal hypofiltration in
association with increased local ROS stress [8]. To examine if a
more prolonged renal dysfunction can be induced by contrast
media in WD, in which renal antioxidant enzymes are reduced,
WD rats were injected with three different contrast media.
Table 1 shows parameters of renal function and lipid peroxida-
tion 24 hours after injection of contrast media or saline.
Compared to saline-treated WD rats, DTZ-treated WD rats had
marked renal dysfunction associated with enhanced lipid per-
oxidation, Thus, GFR was significantly low and RPF (estimated
by PAH clearance) was also depressed. The mean systemic
arterial pressure, MAP, was not different between the two
groups. The levels of PC- and PE-OOH, parameters for mem-
brane lipid peroxidation, were more than two-fold higher in
DTZ-treated compared to saline-treated WD rats. TBA reactiv-
ity, on the other hand, did not show appreciable difference
between the two groups. Of note, concentration of renal corti-
cal lipid peroxidation products measured prior to contrast
media injection was not different between WD and non-WD rats
(determined in rats used in time-course study shown later). The
values of PC-OOH, PE-OOH and TBA in WD rats (N = 6) were
6.95 0.63, 9.85 0.65, and 56.4 7.13 nmol/g tissue,
respectively, whereas those values in non-WD rats (N = 6)
Table I. Parameters of renal function and lipid peroxidation at 24







WD 89 0.37 1.81 17.66a 27.48a 65.6
DTZ (10)
WD 91 0.76 2.83 8.00 10.01 .54.2
IXG (6) 1.51
WD 96 0.67 2.56 571b 800b 56.4
IHX (6)
WD 96 0.71 2.60 7.59 1078b 54.8
Saline (8)
WD/catalase 93 0.71 2.30 10.75 16.33 71.6
DTZ (8)
All rats were deprived of water for 72 hours and parameters were
measured 24 hours after i.v. contrast media or saline. The rats in group
WD/catalase were pretreated with catalase (1.4 mg x 2 days) prior to
contrast media injection. Abbreviations are: MAP, mean arterial pres-
sure; C10, inulin clearance; CPAH, para-amino hippurate clearance;
PC-OOH, cortical phosphatidyicholine hydroperoxide concentration;
PE-OOH, cortical phosphatidylethanolamine hydroperoxide concentra-
tion; TBA, cortical thiobarbituric acid reactivity; DTZ, 66% diatrizoate
meglumine/l0% diatrizoate sodium; IXG, 75% ioxaglate nieglumine/1%
ioxaglate sodium; IHX, 75% iohexol.
P < 0.007 (Bonferroni correction) vs. all other groups
b p < 0.007 (Bonferroni correction) vs. WD/catalase + DTZ
were 7.14 1.17, 10.51 1.46, and 54.2 5.9 nmol/g tissue,
respectively. Thus, water deprivation per se did not alter local
lipid peroxidation products content, and DTZ was suggested to
trigger lipid peroxidation in WD rats. Two other contrast media,
IXG and IHX, were tested for the same parameters. As shown
in Table 1, these contrast media induced neither renal dysfunc-
tion, nor elevation in lipid peroxide levels at the dose given.
Thus, while DTZ induced marked renal dysfunction associated
with increase in lipid hydroperoxides in WD rats with decreased
SOD and catalase activities, other contrast media tested did not
induce renal dysfunction and enhanced lipid peroxidation.
Water balance during water deprivation and rehydration
following DTZ/saline treatment
In order to examine whether there is a difference in recovery
from dehydration between DTZ and saline-treated rats, water
balance was measured in these two groups. Urine volume was
reduced from 12.8 0.6 ml/24 hr (before initiation of water
deprivation) to 1.8 0.1 ml!24 hr at the end of water depriva-
tion. During subsequent 24 hours, water intake was 43 3
0.5
0
Time after DTZ/saline iniection
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ml/24 hr and urine volume was 7.4 0.9 ml/24 hr in saline-
treated rats. In DTZ-treated rats, both water intake and urine
volume of the same period was slightly and significantly higher
(51 3 ml/24 hr and 10.7 1.3 m1124 hr, respectively)
compared to saline-treated rats. Body weight at 24 hours after
DTZ/saline injection was 6.1 0.8% less than the pre-water
deprivation values in DTZ-treated rats and body weight in
saline-treated rats decreased by 7.0 1.6% (P > 0.1). There-
fore, balance of water intake and urine output, and recovery of
body weight was not different in DTZ-treated and saline-treated
rats.
Renal morphology in DTZ-treated WD rats
Light microscopic examination demonstrated a mild tubular
injury in WD rats treated with DTZ. Although minor, there was
tubular epithelial vacuolization and blebbing observed in these
animals. The score of tubular injury in WD rats treated with
DTZ demonstrated a significant difference (P < 0.05 by a
Wilcoxon signed-rank test) compared to WD rats treated with
saline (on average, 87 vs. 65, respectively), Thus, DTZ but not
saline appears to induce morphological changes to tubular cells
(the score in non-WD control rats is 55). These findings
together with water balance study indicate that the renal
dysfunction induced by DTZ is of intrinsic renal origin, rather
than prerenal one. There were no detectable glomerular
changes and minimal glomerular PMN infiltration (less than 0.5
PMN/glomerulus in both WD + saline and WD + DTZ rats,
average of 200 glomeruli examined for each group). Intersti-
tial PMN infiltration was also minor with a slight tendency to be
greater in WD + DTZ group compared to WD + saline group
(on average 0.7 PMN/hpf and 0.3, respectively).
Time course of GFR following DTZ or vehicle injection
The time-course of the change in GFR following DTZ injec-
tion was determined in WD rats and values were compared to
WD rats that underwent saline injection (time-control WD rats)
and non-WD rats that underwent DTZ injection. (Data of 24
hours after DTZ- or saline-treated WD rats are same rats as
shown in Table 1.) As previously shown 28], baseline GFR
before injection of DTZ or saline in WD rats was significantly
lower compared to non-WD rats (0.54 0.03 mI/mm and 0.97
0.03, respectively; Fig. 2). When DTZ was injected into WD
rats, GFR at 24 hours (on average, 0.37 0.04 ml/min) was
substantially (P <0.05) depressed compared to its baseline
value, and remained at low level even at 72 hours (on average,
0.69 0.02 mllmin; Fig. 2). In contrast, saline treatment in WD
rats resulled in gradual normalization of GFR by 72 hours (on
average, 0.71 0.03 mi/mm and 0.93 0.02, at 24 and 72 hr,
respectively). DTZ injection in non-WD rats with uneompro-
mized antioxidant activities did not cause significant hypofiltra-
tion (GFR at 24 and 72 hr was, on average, 0.90 0.04 and 0.99
0,03 mI/mm, respectively). Of note, there was no enhance-
ment of renal cortical lipid peroxidation in these rats, Thus,
levels of TBA, PC- and PE-OOH were 65.8 7.2 nmol/g tissue,
9.93 2.82, and 5.91 1.01, respectively. These values were
not different from non-water deprived controls shown earlier.
These results indicate that DTZ induces a marked renal hypo-
filtration during the first 24 hours after injection only in WI)
rats, which persists more than 72 hours.
Fig. 2. Time course of GFR in WD and non-WD rats treated with
diatrizoate meglumine/diotrizoate sodium (DTZ, 10 mi/kg) or saline. In
WD rats, water was resumed after water deprivation period. Baseline
values (WD and non-WD) are those obtained in rats not undergoing
injection. DTZ injection in WD rats (WD + DTZ) caused a significant
reduction in GFR at 24 hours later and that hypofiltration persisted at 72
hours. GFR of saline injected WD rats, that is, time control WD rats
(WD + Saline), recovered gradually and normalized by 72 hours. DTZ
injection in non-WD rats (non-WD + DTZ) did not cause significant
change in GFR. Values are mean sv. , ¶, and t denote P < 0.05 vs.
non-WD, non-WD + DTZ, and WD + saline, respectively.
Effect of exogenous catalase on DTZ-induced renal
dysfunction and lipid peroxidation in WD rats
Previous studies have suggested that iron-dependent metab-
olites of hydrogen peroxide, including hydroxyl radical, are
involved in contrast media-induced nephropathy [9]. Catalase
can reduce formation of such reactive oxygen species. Exper-
iments were therefore designed to increase local level of cata-
lase in WD by injecting PEG-catalase prior to DTZ. To examine
whether exogenous catalase indeed increased renal cortical
catalase levels, kidneys were harvested after the PEG-catalase
treatment. As described in the Methods section, kidneys were
perfused in vivo with iced saline before collection to avoid
contamination with blood. Both gross appearance and micro-
scopic examination of the kidney cortex showed no blood cells
remaining in the sample. As shown in Figure 3, when WD rats
were treated with a low dose of PEG-catalase (0.14 mg/rat/day
x 2 days), the level of renal cortical catalase was numerically
but not significantly higher than the catalase-untreated rats.
However, after a high dose of catalase (1.4 mg/rat/day x 2
days), renal cortical catalase activity (on average, 9.80 0.75
k/mg prot) was significantly higher than in WD rats given no or
low dose PEG-catalase. The levels achieved in these rats were
not different from those in non-WD rats (shown earlier and
again in the figure as a shaded zone). Activities of SOD (111
11 p1mg prot) and GSH-Px (1104 87 p1mg prot) were not
different from those in catalase-untreated WD rats. Therefore,
exogenous catalase, when given at high dose, selectively in-
creased local catalase activity. In the pilot study, administration
of PEG-catalase in non-water deprived rats did not affect C1
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Furthermore, when DTZ was injected to five WD rats pre-
treated with low dose PEG-catalase (0.14 mg/day x 2 days),
renal dysfunction at 24 hours after the injection (C1: 0.41
0.27 mI/mm; CPAH: 1.64 0.23 mi/mm) was similar to catalase
untreated WD rats that underwent DTZ injection. Therefore,
WD rats pretreated with PEG-catalase sufficient to recover its
activity comparable to normal kidneys were protected from
renal dysfunction and lipid peroxidation induced by DTZ ad-
ministration.
Discussion
Fig. 3. Renal cortical catalase activities among WD rats treated or
untreated with exogenous PEG-catalase. The gray zone in the figure
indicates 1 SD values in non-WD rats. PEG-catalase untreated (WD)
rats (N = 6) and low dose PEG-catalase-treated rats (WD PEG-catalase
low dose, N = 6) had similar low renal cortical catalase activities,
whereas high dose PEG-catalase-treated rats (WD PEG-catalase high
dose, N = 6) had a high catalase activity which is not different from that
in non-WD controls. Values are mean SE.
Average values of GFR measured in these high dose PEG-
catalase-treated WD rats (0.53 0.03 mi/mm) were not different
from those in catalase-untreated WD rats shown earlier. There-
fore, baseline GFR was similar between PEG-catalase-treated
and -untreated WD rats. DTZ was injected in the PEG-catalase-
treated WD rats, and parameters of renal function and lipid
peroxidation were obtained 24 hours later. As shown in Table 1,
inulin and PAH clearances were significantly higher in PEG-
catalase-treated rats than -untreated rats, and those values of
PEG-catalase-treated WD rats were not different from the
values for WD rats that underwent saline injection, time-control
WD rats. The levels of PC- and PE-OOH in the PEG-catalase-
treated WD rats were significantly less than those in catalase-
untreated WD rats that underwent DTZ injection. The values of
PE-OOH were not significantly different from those in time-
control WD rats, and the values of PC-OOH were only slightly
higher (P < 0.05) than those in time-control WD rats. Notably,
renal cortical catalase activity measured in these PEG-catalase-
treated rats remained elevated (8.87 0.47 k/mg prot). A
separate group of five WD rats similarly treated with PEG-
catalase and DTZ was studied for inulin and PAH clearances 72
hours after DTZ injection. Average values of C1 and CPAH in
these rats were 0.91 0.03 ml/min and 3.00 0.11 ml/min, and
these values were not different from those in time-control WD
rats. Although not shown in the table, heat-inactivated catalase
was tested in a separate group of WD rats to examine whether
the effect of PEG-catalase was related to its enzymatic action.
In WD rats pretreated with heat-inactivated catalase, values for
C1 and CPAH at 24 hours after DTZ injection were 0.38 0.07
ml/min and 1.62 0.35, respectively, and these values were not
different from catalase untreated rats with DTZ injection.
Dehydration is a major risk factor for contrast media-induced
nephropathy, which is clinically characterized by a prolonged
impairment in renal function lasting a few days to several weeks
after the exposure to contrast media [1, 2]. While complete
mechanisms of renal dysfunction induced by contrast media
have not been fully clarified, several recent studies suggest that
contrast media-induced renal injury involves reactive oxygen
species [8, 9]. Among them, Bakris et al have shown that
contrast media induces a transient hypofiltration in normal dogs
associated with an increase in renal venous malondialdehyde
concentration, which can be attenuated by pretreatment with
exogenous SOD. Since the development of oxidant injury may
depend upon the balance between the amount of oxidant
produced and the capacity to eliminate oxidants by cells/tissue,
we examined whether antioxidant ability is diminished in water
deprivation. Our comparison of renal cortical antioxidant en-
zyme activity between normal and dehydrated rats showed
marked reduction in SOD and catalase activities in kidneys of
dehydrated rats. Although volume depletion per se may alter
the rate of production and/or degradation of the enzymes, the
present study did not attempt to elucidate the mechanism of
reduction in the enzyme activities. Our recent preliminary
experiments suggest that there is a reduction in renal cortical
CuZn SOD mRNA level in WD rats (unpublished observation).
Since similar transient reduction in antioxidant enzyme activity
or mRNA expression in post-ischemic kidneys is observed [12,
29], renal hypoperfusion may lead to alteration in transcription
and/or post-transcription of the enzyme protein synthesis.
Whether dehydration or starvation (often associated in these
circumstances) directly changes enzyme kinetics remained un-
answered in the present study. Regardless of the mechanism
involved, reduced local antioxidant enzyme levels would in-
crease susceptibility to reactive oxygen species.
In order to assess the renal injury specifically mediated by
reactive oxygen species, we have used a sensitive and specific
method to detect lipid peroxidation (one form of oxidant-
induced injury) [14]. Polyunsaturated membrane lipids, such as
phosphatidyicholine or phosphatidylethanolamine are suscepti-
ble to free radicals, to form lipid hydroperoxides, that is, PC-
and PE-OOH [30]. These primary products of lipid peroxidation
are further oxidized and cleaved to yield fragmentation prod-
ucts, including aldehydes and alkanes [30, 31]. The TBA-
reactivity method is frequently used as a marker of various
primary and secondary lipid peroxidation products, but may not
be representative of oxidative injury in biological systems [30,
32]. We have instead employed a method using chemilumines-
cent detection with HPLC to measure the formation of phos-
pholipid hydroperoxides. We have successfully applied this
method to detect reflow-dependent change in lipid peroxidation
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activity in our recent study of ischemialreperfusion injury [151.
In the present study, while TBA reactivity did not differ among
study groups, the levels of phospholipid hydroperoxides were
remarkably increased in WD rats treated with DTZ, a high
osmolar ionic contrast media. The DTZ-induced lipid peroxida-
tion in WD rats was associated with a prolonged renal dysfunc-
tion, a pattern similar to clinical contrast nephropathy. Other
two contrast media differing in their osmolar and ionic content
induced neither enhancement in lipid peroxidation nor renal
dysfunction. Furthermore, DTZ did not cause elevation in lipid
hydroperoxide levels and hypofiltration in non-WD rats. There-
fore, DTZ uniquely induced marked and prolonged renal hypo-
filtration and lipid peroxidation only in WD rats with reduced
antioxidant enzyme activities.
To further investigate whether reduced antioxidant enzyme
activities are indeed responsible for the development of renal
dysfunction in DTZ-treated WD rats, the effect of exogenous
catalase was tested. In this experiment, PEG-catalase was used
since PEG-catalase has been shown to be incorporated into
cells more efficiently than the native enzyme [33]. We found
that when PEG-catalase was given in a sufficient dose, tissue
catalase activities can be maintained within a normal range in
water deprived rats. These rats whose catalase level was
selectively modulated did not experience hypofiltration and
hypoperfusion or enhanced lipid peroxidation in response to
DTZ, while a lower dose of PEG-catalase failed to maintain
local catalase level and to prevent DTZ-induced renal injury.
Therefore, it is plausible in water deprivation that reduced
antioxidant levels resulted in incomplete elimination of hydro-
gen peroxide or its metabolites produced upon renal exposure
to DTZ, which in turn induced tissue injury and renal dysfunc-
tion. Although not addressed in the present study, a reduction
in other antioxidants, such as glutathione, may co-exist in water
deprivation, and could contribute to enhanced renal suscepti-
bility to oxidant stress.
DTZ-induced renal injury in water deprivation may be due
not only to reduced antioxidant enzyme levels, but also to an
excessive production of reactive oxygen species. Bakris et al
postulate altered adenosine metabolism as a source of free
radicals [8]. Morrison, Brown and Tauk suggest that contrast
media administration induces alteration in arachidonic acid
metabolism which involves free radical formation [34]. Our
preliminary experiments demonstrated that cultured bovine
glomerular endothelial cells exposed to DTZ produce hydrogen
peroxide (unpublished observation). Reactive oxygen species
released from endothelial cells may evoke release of secondary
mediators, or directly injure adjacent cells (glomerular or tubu-
lar cells) [10]. Another possibility is that contrast media may
directly react with other glomerular or tubular cells to induce
lipid peroxidation. Our experimental results that DTZ but not
IXG and IHX induced substantial renal lipid peroxidation, may
suggest that osmotic stress, combined with toxicity of the
iodinated molecule, could evoke release of reactive oxygen
species to induce lipid peroxidation. Severe dehydration may
alter plasma osmolality (not assessed in the present study),
which may be a factor for different effects of contrast media
with different osmolality. Although PMNs are another potential
source of reactive oxygen species, there was no significant
infiltration in the DTZ-treated rats. Thus, it is unlikely that DTZ
stimulated PMN infiltration to induce renal dysfunction in our
experimental condition.
Clinically, it has been implied that mannitol infusion has a
beneficial effect in preventing contrast media-induced nephrop-
athy by increasing tubular flow rate to prevent tubular obstruc-
tion [1—5]. While mannitol has not been shown to change
antioxidant enzyme levels, it has been shown to have an
antioxidant effect [35]. Therefore, as indicated in the present
study, clinical contrast media-induced nephropathy may in-
volve altered host defense mechanisms against reactive oxygen
species, especially in volume depletion. Since different types of
contrast media may cause different degree of oxidant stress,
further evaluation of specific mechanisms of contrast media-
induced nephropathy for various contrast media will help
decrease the rate of this complication in a clinical setting.
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